LiliumÂformolongi is a facultative long-day (LD) plant. Aiming to dissect the molecular regulation of the photoperiodic pathway, largely unknown in Lilium, we explored the CONSTANS/FLOWERING LOCUS T (CO/FT) module, a major regulatory factor in the external coincidence model of the photoperiodic flowering pathway in lily. We identified eight CONSTANS-LIKE (COL) family members in L.Âformolongi, which could be divided into three types, according to their zinc-finger (B-box) protein domains. Type I included only LfCOL5, containing two B-box motifs. Type II contained six LfCOLs members that had only one B-box motif. Type III contained only LfCOL9 that showed a normal B-box and a second divergent B-box motif. Phylogenic analyses revealed that LfCOL5 was the closest to Arabidopsis CO. LfCOL5, LfCOL6 and LfCOL9 were up-regulated at the flowering induction stage under LDs, coinciding with an increase in LfFT1 expression. LfCOL5, LfCOL6 and LfCOL9 also showed obvious diurnal expression pattern for 3 d under LDs. However, under short-day (SD) conditions, the expression patterns of LfCOL5, LfCOL6 and LfCOL9 were variable and complex, with regard to the developmental stages and circadian rhythm. LfCOL5, LfCOL6 and LfCOL9 complemented the late flowering phenotype of the co mutant in Arabidopsis. Taken together, the results suggest that LfCOL5, LfCOL6 and LfCOL9 are involved in triggering flowering induction under LDs. LfCOL6 and LfCOL9 belong to types different from functional COL homologs in other plant species, illustrating the variation in phylogeny, evolution and gene function among LfCOL family members.
Introduction
Lily, belonging to the genus Lilium, is an important cut flower in the international trade market. LiliumÂformolongi is one of the cultivars obtained from repeated interspecific crosses between L. formosanum Wallace and L. longiflorum (Okazaki 1994 ). This hybrid is seed propagated and flowers within a year (200-240 d) after sowing. Flowering does not require cold exposure (vernalization), but L.Âformolongi is sensitive to photoperiod (Sakamoto 2005 , Anderson et al. 2012 , Li et al. 2017 .
Investigations of the molecular regulation of flowering in lily have mainly focused on the vernalization process (Huang et al. 2014 , Villacorta-Martin et al. 2015 . On the other hand, the lily photoperiodic flowering pathway was mostly addressed at the phenotypic and physiological levels (Sakamoto 2005, Lazare and Zaccai 2016) . To date, molecular regulation of the photoperiodic pathway in lily is largely unknown.
Genetic analyses in Arabidopsis thaliana, a facultative longday (LD) plant, have revealed that the CONSTANS/FLOWERING LOCUS T (CO/FT) module plays a central role in the photoperiodic regulation of flowering (Suárez-López et al. 2001) . CO is a zinc finger transcription factor containing a B-box-type zinc finger and a CCT (CO, CO-LIKE, TOC1) domain (Robson et al. 2001) . The expression of CO mRNA is regulated by both the external day-night cycles and the internal circadian clock (Suárez-López et al. 2001) . This integration triggers the circadian rhythm expression pattern of CO, which is essential for flowering induction (Suárez-López et al. 2001 , Meng et al. 2011 . CO transcripts are diurnally regulated, with a peak during the night under both LDs and short days (SDs) (Suárez-López et al. 2001, Andrés and Coupland 2012 ). An additional peak of CO mRNA occurs in the light at the end of an LD, which is essential for the daylength-dependent promotion of flowering and is regulated by the circadian clock component GIGANTEA (GI) protein and the ubiquitin ligase FLAVIN-BINDING KELCH REPEAT F-BOX 1 (FKF1) (Sawa et al. 2007 , Turck et al. 2008 , Song et al. 2012 . FKF1 is able to sense light through its attached chromophore. This light-dependent interaction between FKF1 and GI promotes the degradation of the transcriptional repressors of CO transcripts, known as CYCLIC DOF FACTORS (CDFs) (Imaizumi and Kay 2005 , Sawa et al. 2007 , Fornara et al. 2009 ). In addition, the CO protein is degraded in the dark by a ubiquitin ligase complex of SUPPRESSOR OF PHYA-105-1 protein (SPA1) and CONSTITUTIVE PHOTOMORPHOGENESIS 1 (COP1) (Laubinger et al. 2006 , Jang et al. 2008 ). Thus, only the peak of CO mRNA that occurs in the light at the end of an LD after degradation of the CDFs by GI-FKF1 leads to CO protein accumulation (Sawa et al. 2007 , Turck et al. 2008 . Subsequently, an increase of the CO protein induces the accumulation of FT mRNA at the end of the day under LDs but not under SDs (Suárez-López et al. 2001) . The FT protein is widely perceived as a mobile florigen signal synthesized in the leaves and transmitted to the shoot apical meristem to trigger flowering (Mouradov et al. 2002) .
In Arabidopsis, CO is a member of the CONSTANS-LIKE (COL) gene family that comprises 16 other members, which can be divided into three types according to the conservation of the B-box protein domains (Robson et al. 2001) . Type I consists of two B-box motifs, including CO and COL1-COL5. Type II contains only one B-box motif, as in COL6-COL8 and COL16. Type III includes one B-box motif and a second divergent B-box motif, and comprises COL9-COL15 (Griffiths et al. 2003) .
Recent studies showed that not only the Arabidopsis CO, but almost all functional CO homologs identified in many plant species belong to type I and exhibit two B-box domains (Gangappa and Botto 2014 , Zhang et al. 2015 , Chaurasia et al. 2016 ). In the SD plant rice (Oryza sativa), HEADING DATE 1 (Hd1), which contains two B-box domains, is the homolog of the Arabidopsis CO and a major determinant of photoperiod sensitivity (Huang et al. 2012) . Other functional CO homologs containing two B-box domains include conz1 from maize (Zea mays), HvCO1 from barley (Hordeum vulgare), GmCOL1a and GmCOL1b from soybean (Glycine max), ClCOL5 from Chrysanthemum lavandulifolium and LpCO from Lolium perenne (Griffiths et al. 2003 , Martin et al. 2004 , Miller et al. 2008 , Wu et al. 2014 , Fu et al. 2015 . These results indicate that the function of CO in flowering induction is closely conserved between monocots and dicots, and between LD and SD plants. However, in some species, the functions of CO homologs may not be related to flowering induction. In poplar, CO homologs CO1 and CO2 do not participate in the onset of flowering, but may be associated with metabolic processes (Hsu et al. 2012) .
In a previous study, we identified and characterized four important development stages in L. formolongi as follows: juvenile phase (VJ, 2-3 rosette leaves), flowering induction phase I (FI-1, 1-2 internodes), flowering induction phase II (FI-2, 5-6 internodes) and floral differentiation stage (FD, 9-10 internodes) (Li et al. 2017) . RNA sequencing (RNA-seq) libraries of each developmental stage were constructed, from which eight members of the COL family (LfCOL) were identified (Li et al. 2017) . In this study, these eight LfCOL family members were isolated and their possible distinctive functions were further analyzed.
With the exception of LfCOL5, which contained two B-box domains and was classified as type I, the LfCOL members only showed one B-box domain, or one B-box domain and a second divergent B-box domain. The exploration of the relationship between these LfCOL genes and the photoperiodic regulation of flowering was analyzed in this study. We characterized LfCOL family members, their phylogenetic distribution and protein structure, as well as their diurnal and stage-dependent expression patterns under different daylengths. In addition, we performed functional analyses of LfCOL5, LfCOL6 and LfCOL9 in transgenic Arabidopsis co plants. This study not only will help elucidate the photoperiod-mediated flowering process in Lilium, but also will provide tools for the reverse genetics approach of flowering time control in lily. This is the first exhaustive study of COL genes in the genus Lilium.
Results

Phylogenetic and amino acid similarity analysis of LfCOLs
Amino acid sequences with conserved domains of COL proteins from A. thaliana, O. sativa, H. vulgare and L.Âformolongi were examined for sequence homology and phylogenetic analysis. Each LfCOL was assigned a name according to its level of homology to the Arabidopsis COLs as revealed by the phylogenetic tree (Fig. 1) . In our previous study, a phylogenetic tree of COL homologs among L.Âformolongi, Arabidopsis and rice was also presented (Li et al. 2017) .
The eight L.Âformolongi LfCOL homologs could be classified into three types according to the number and structure of conserved B-box domains. Type I contained two B-box domains and only included LfCOL5. Type II contained one B-box motif, and consisted of LfCOL6, LfCOL7, LfCOL13, LfCOL14, LfCOL15 and LfCOL16. Type III exhibited a normal B-box domain and a second divergent B-box domain, including only LfCOL9 (Fig. 1) .
The COL homologs from A. thaliana, O. sativa, H. vulgare and L.Âformolongi were classified into three clades in the phylogenetic tree, and most homologs in the same clade possessed the same protein domain structure. Apart from HvCOL3 and OsCOL2, Clade I comprised COL homologs that showed two B-boxes and a CCT domain, including Arabidopsis AtCO, AtCOL1-AtCOL5, O. sativa Hd1, OsCOL1, OsCOL3-OsCOL5, H. vulgare HvCO, HvCOL1, HvCOL2, HvCOL4-HvCOL6 and L.Âformolongi LfCOL5 (Fig. 1) . The COL homologs in Clade II comprised proteins that only contained one B-box domain and a CCT domain, including AtCOL6-AtCOL8, AtCOL16, OsCOL6, OsCOL7, OsCOL16, LfCOL6, LfCOL7 and LfCO16 (Fig. 1) . Except for OsCOL8, OsCOL9, OsCOL13 and LfCOL13-LdCOL15, proteins in Clade III possessed a normal Bbox domain, a second divergent B-box domain and a CCT domain, and included AtCOL9-AtCOL15, OsCOL8, OsCOL9, OsCOL13-OsCOL15 and LfCOL9 (Fig. 1) . The phylogenetic analysis indicated that most LfCOLs were phylogenetically close to the rice OsCOLs. Only LfCOL5 contained two B-box domains and had the closest evolutionary relationship with Arabidopsis CO.
Moreover, this phylogenic classification of LfCOLs in Clade II and Clade III was different from the classification based on the difference of the B-box domain. Only Clade I was the same as type I, only including LfCOL5. However, LfCOL13, LfCOL14 and LfCOL15 in type II, which contained one B-box domain, were phylogenically classified into Clade III.
The conserved B-boxes and CCT domains in L.Âformolongi and Arabidopsis COLs of all three types were aligned and represented by their amino acid sequence logos (Fig. 2) . The B-box1 and B-box2 domains segregated according to their consensus sequences and the space between zincbinding residues (Crocco and Botto, 2013) . According to the amino acid alignment of COL homologs, the consensus sequence of the B-box1 domain between LfCOLs and AtCOLs was C-X 2 -C-X 8-9 -C-X 2 -D-X-A-X-L-C-X 2 -C-D-X 3 -H-X 8 -H ( Fig. 2A-C) and the consensus sequence of the B-box2 domain between LfCOL5 and AtCO and AtCOL1-AtCOL5 Fig. 2A) . The consensus sequence of the second divergent B-box2 domain between LfCOL9 and AtCOL9-AtCOL15 was C-X 2 -C-X 3 -P-X 4 -C-X 7 -C-X 2 -C-X-W-X 3 (Fig. 2B) . These results indicate that the conserved cysteine (C) and histidine (H) residues involved in protein-protein zinc ligation were conserved in the B-box1, B-box2 and divergent B-box2 domains among L.Âformolongi and Arabidopsis COLs.
With regard to the overall similarity, in the B-box1 domain of type I, 13 amino acids out of 38 (34.21%), and in the B-box2 domain, 22 out of 38 (57.89%) were fully conserved between LfCOL5 and the other type I AtCOLs ( Fig. 2A) . In one B-box domain of type II, 14 amino acids out of 39 (36.84%) were fully conserved between LfCOL6, LfCOL7, LfCOL13-LfCOL16, AtCOL6-AtCOL8 and AtCOL16 (Fig. 2C ). In the B-box1 domain of type III, 16 amino acids out of 38 (42.10%) were fully conserved between LfCOL9 and the other type III AtCOLs; in the divergent B-box2 domain of type III, 8 out of 29 (27.59%) were fully conserved between LfCOL9 and the other type III AtCOLs (Fig. 2B) . Moreover, in the CCT domain of all the three types, 16 amino acids out of 42 (38.10%) were fully conserved between all the LfCOL and AtCOL members (Fig. 2D) . Thus, the B-box2 of LfCOL5 was the most conserved with respect to the AtCOL B-box2 domains. The divergent B-box2 of LfCOL9 was the least conserved with regard to the AtCOL divergent B-box2 domains.
The 3-D structure models of the conserved B-box domains of AtCO and the eight LfCOLs homologs were predicted. The results indicate that the structures of the two B-box domains of LfCOL5 were similar to the corresponding B-boxes of AtCO (Fig. 3A, B ). In addition, the structures of the B-box domain and the divergent B-box domain of LfCOL9 were significantly different from each other (Fig. 3C ). Moreover, with the exception of LfCOL14, the shape of the B-box1 domain of LfCOL6, LfCOL7, LfCOL13, LfCOL15 and LfCOL16 was similar (Fig. 3D) . Only LfCOL14 had 39 amino acid residues in the Bbox1 domain. The other LfCOLs possessed 38 amino acid residues in the B-box1 domain.
Flowering time variation under different photoperiod conditions
In all the experiments, L.Âformolongi seedlings flowered much earlier under LD than under SD conditions. Under LDs, the average bolting time was 18 weeks after sowing, and the average number of rosette leaves was almost 10. Under SDs, seedlings bolted on average 24 weeks after sowing and had about 16 rosette leaves (Supplementary Table S1 ). Flowering occurred 30 weeks after sowing, with about 25 internodes under LDs, while plants grown under SDs flowered 47 weeks after sowing with almost 72 internodes (Supplementary Table S1 ). Thus, both the juvenile (rosette leaves) and vegetative (bolted plants with internodes) growth stages were longer under SD than under LD conditions (Fig. 4) .
Photoperiod also strongly affected the percentage of bolting and flowering. While under LDs, 100% of the seedlings bolted and flowered, under SDs, only 40% of seedlings bolted and 33.33% flowered (Supplementary Table S1 ). These results indicate that LD conditions triggered flowering in L.Âformolongi. As the percentage of flowering was lower and flowering time was longer under SD compared with LD conditions, we concluded that L.Âformolongi cv. Raisen 2 is a facultative LD plant, strongly affected by the photoperiod-mediated flowering pathway.
Photoperiodic regulation of expression of LfCOL genes at different development stages
In order to investigate the possible functions of the LfCOL genes in the lily photoperiodic flowering pathway, expression patterns were measured at different development stages under LD and SD conditions. Previous studies in Arabidopsis have shown that COL genes regulate the photoperiodic flowering pathway by activating the expression of the downstream FT gene (Kobayashi et al. 1999) . Therefore, the expression pattern of LfFT1 was also analyzed.
Under LDs, the mRNA expression profile of the eight LfCOL genes was investigated at 10 development stages (Figs. 4, 5A ). The average number of rosette leaves and internodes of each stage were considered as morphological markers. The expression profiles of the eight LfCOL genes could be classified into two types. The first type, which showed the highest expression levels at the juvenile stages (L1, L2), comprised LfCOL7, LfCOL13, LfCOL14, LfCOL15 and LfCOL16 (Fig. 5A) . The second type included LfCOL5, LfCOL6 and LfCOL9, showing the highest expression level before and after bolting (L4, L5) (Fig. 5A) . LfFT1 also had a higher transcript accumulation at the L4 stage (just before bolting) compared with juvenile stages (Fig. 5A) . According to our previous study, the stage starting just before and ending just after bolting was identified as the flowering induction phase, which was critical for floral transition, and was concurrent with LfFT1 up-regulation (Li et al. 2017) . LfCOL5, LfCOL6 and LfCOL9 showed an increase in expression at the flowering induction stage in parallel with LfFT1, suggesting that these genes may play important roles in the photoperiodic flowering process under LD conditions in L.Âformolongi.
Under SDs, the seedlings flowered much later than under LDs (Supplementary Table S1 ; Fig. 4) ; therefore, additional development stages were monitored (Figs. 4 , 5B). The eight LfCOL genes could be classified into three types according to their expression profiles during plant development. The first type showed the highest expression at the earliest stage (S1) and included only LfCOL7 (Fig. 5B) . The second expression profile type exhibited the highest expression accumulation at the intermediate (S7) and later (S14) developmental stages, including LfCOL13 (Fig. 5B) . The third expression profile type showed the highest expression levels at later stages of development, nearly at budding, and included LfCOL5, LfCOL6, LfCOL9, LfCOL14, LfCOL15 and LfCOL16 (Fig. 5B) . The highest level of LfFT1 expression was detected in young seedlings (S2), before tghe bolting stage (Fig. 5B ).
Diurnal expression of LfCOL genes under SD and LD photoperiods
The diurnal expression profiles of the eight LfCOL genes and LfFT1 in the leaves were further characterized by quantitative real-time PCR (qRT-PCR) at six time points during three days LD, long day. Developmental stages corresponding to each time point under SDs (S) or LDs (L) are as follows: 1-2 rosette leaves (S1), 2-3 rosette leaves (S2), 6-7 rosette leaves (S3), 10-11 rosette leaves (S4), 13-14 rosette leaves (S5), 16-17 rosette leaves (S6), 1-2 internodes (just bolting, S7), 3-4 internodes (S8), 6-7 internodes (S9), 9-10 internodes (S10), 15-16 internodes (S11), 25-26 internodes (S12), 32-33 internodes (S13), 43-44 internodes (S14), 70-71 internodes (visible flower buds, S15), 72 internodes (S16) and 72 internodes (S17, flowering); 2-3 rosette leaves (L1), 3-4 rosette leaves (L2), 5-6 rosette leaves (L3), 9-10 rosette leaves (L4), 1-2 internodes (just bolting, L5), 6-7 internodes (L6), 8-9 internodes (L7), 12-13 internodes (L8), 22-23 internodes (L9), 24-25 internodes (visible flower buds, L10), 24-25 internodes (L11) and 24-25 internodes (L12, flowering).
Fig. 5
The stage-specific expression patterns of LfCOL genes and LfFT1 in L.Âformolongi under different photoperiods. Relative expression levels were determined by qRT-PCR (y-axis). (A) Stage-specific expression patterns of LfCOL genes and LfFT1 under LDs. Developmental stages corresponding to each time point are as follows: L1, 2-3 rosette leaves; L2, 3-4 rosette leaves; L3, 5-6 rosette leaves; L4, 9-10 rosette leaves; L5, 1-2 internodes (just bolting); L6, 6-7 internodes; L7, 8-9 internodes; L8, 12-13 internodes; L9, 22-23 internodes; L10, 24-25 internodes (visible flower buds). (B) Stage-specific expression patterns of LfCOL genes and LfFT1 under SDs. Developmental stages corresponding to each time point are as follows: S1, 1-2 rosette leaves; S2, 2-3 rosette leaves; S3, 6-7 rosette leaves; S4, 10-11 rosette leaves; S5, 13-14 rosette leaves; S6, 16-17 rosette leaves; S7, 1-2 internodes (just bolting); S8, 3-4 internodes; S9, 6-7 internodes; S10, 9-10 internodes; S11, 15-16 internodes; S12, 25-26 internodes; S13, 32-33 internodes; S14, 43-44 internodes; S15, 70-71 internodes (visible flower buds). Data points represent an average of three biological replicates with three technical replicates. Error bars represent the SD of three biological replicates.
and nights under LD and SD conditions. The plant tissue was sampled at the stage of 1-2 internodes (bolting).
Under LDs, only LfCOL5, LfCOL6, LfCOL9 and LfFT1 exhibited diurnal expression patterns for 3 d, with the highest transcript peaks 4 h after dark. LfCOL5, LfCOL6 and LfCOL9 also showed an additional, but lower transcript peak, at dusk (Fig. 6A) .
Under SDs, LfCOL5 and LfCOL9 also exhibited clear diurnal expression patterns (Fig. 6B) . In addition, LfCOL6, LfCOL7, LfCOL13, LfCOL14 and LfCOL15 showed circadian regulation, but their expression patterns were different from those observed under LDs (Fig. 6A, B) . LfCOL5 showed the highest expression 4 h after light and low transcript accumulation during dark hours, with a decrease 4 h before dawn. LfCOL9 diurnal expression peaked 8 h after dark and declined sharply over the next 4 h (Fig. 6B) .
LfCOL6 showed two transcript peaks during one diurnal cycle. The first peak appeared at dusk and the second 4 h before dawn (Fig. 6B) . During the second day, the transcript peak at dusk was much higher than the peak 4 h before dawn. LfCOL7 and LfCOL13 diurnal expression peaked both 4 h after light and 4 h after dark. However, the highest transcript peak during a diurnal cycle was random (Fig. 6B ). LfCOL14 and LfCOL15 diurnal expression peaked 4 h after dark, but these genes also showed lower transcript peaks occasionally in the light.
LfFT1 showed obvious diurnal rhythm expression patterns (Fig. 6B) , with a peak in its expression at dawn and a decline in the light, which did not coincide with the diurnal rhythm expression patterns of any LfCOL genes (Fig. 6B) . We also observed that the diurnal expression pattern of LfFT1 under SDs was different from that under LD conditions (Fig. 6A, B) .
Overexpression of LfCOL genes in Arabidopsis co-1 mutants
In our previous study, we observed that the expression of LfCOL5, LfCOL6 and LfCOL9 was up-regulated at the flowering induction stage, in parallel with LfFT1 expression. These LfCOL genes also showed obvious diurnal rhythm expression patterns for 3 d under LD conditions. In addition, under SD conditions, the stage-dependent expression patterns and diurnal expression profiles of LfCOL5, LfCOL6 and LfCOL9 were very different from those under LDs. Taken together, the data suggest that these specific genes potentially have a role in the photoperiodic regulation of L.Âformolongi. Therefore, we further investigated the biological roles of LfCOL5, LfCOL6 and LfCOL9 by functional analysis. The full-length coding sequences of LfCOL5, LfCOL6 and LfCOL9 were transformed into Arabidopsis co-1 mutants to produce distinct transgenic lines called 35S::LfCOL5 co-1, 35S::LfCOL6 co-1 and 35S::LfCOL9 co-1, in which bolting and flowering time were monitored. The results indicated that the time from sowing to bolting was shorter in the transgenic lines 35S::LfCOL5 co-1, 35S::LfCOL6 co-1 and 35S::LfCOL9 co-1 compared with the Arabidopsis co-1 mutant and Col-0 wildtype (WT) lines (Table 1; Fig. 7A ). The average number of days from sowing to bolting in 35S::LfCOL5 co-1, 35S::LfCOL6 co-1 and 35S::LfCOL9 co-1 lines were 12-to 13-fold lower than in the co-1 mutant lines, and 6-to 7-fold lower than in the Col-0 WT lines. These differences were statistically significant (P < 0.05). Accordingly, the average numbers of rosette leaves of 35S::LfCOL5 co-1, 35S::LfCOL6 co-1 and 35S::LfCOL9 co-1 lines were 12-to 14-fold lower than in the co-1 mutant lines and 4-to 6-fold lower than in the Col-0 WT lines. Significant differences (P < 0.05) were observed between the overexpression and the co-1 mutant lines ( Table 1) .
In addition, three independent lines of each of the overexpression lines 35S::LfCOL5 co-1, 35S::LfCOL6 co-1 and 35S::LfCOL9 co-1 were selected to analyze the expression level of LfCOL genes and AtFT along with three co-1 mutant and Col-0 WT lines 4 h after dark (Zeitgeber time 20 h), 50 d after sowing (Fig. 7B) . Three co-1 and Col-0 lines were randomly selected as controls and named co-1 (#1-3) and Col-0 (#1-3). LfCOL gene expression was below the level of detection in the co-1 mutant lines, while variation in LfCOL expression was apparent in the transgenic lines. LfCOL5 expression was similar in the three 35S::LfCOL5 co-1 lines. Except for 35S::LfCOL6 co-1 #3, the expression level of LfCOL6 in the transgenic lines was relatively high. The LfCOL9 expression level in 35S::LfCOL9 co-1 #5 was higher than in the two other transgenic lines (Fig. 7B) .
The AtFT expression level in Col-0 #1 was significantly higher than in Col-0 #2 and Col-0 #3 (Fig. 7B) . Except for 35S::LfCOL6 co-1 #8, AtFT expression levels did not show significant differences among the three Col-0 lines and the other 35S::LfCOLs co-1 lines (Fig. 7B) . The AtFT expression level in 35S::LfCOL6 co-1 #8 was significantly higher than in all Col-0 lines. Furthermore, the AtFT expression level in the three co-1 lines was almost the same. AtFT expression was higher in the majority of transgenic 35S::LfCOLs co-1 lines than in the co-1 mutant lines, and the differences were mostly significant (P < 0.05) (Fig. 7B) . This was particularly evident for the 35S::LfCOL6 co-1 #8 line (Fig. 7B) .
Moreover, among the LfCOL transgenic lines with the same transgene, the highest LfCOL gene expression coincided with the highest AtFT expression levels (Fig. 7B) . Importantly, LfCOL gene and AtFT expression levels in the transgenic 35S::LfCOLs co-1 lines were consistent with the phenotypic results (Fig. 7A, B) . Thus, it can be hypothesized that LfCOL5, LfCOL6 and LfCOL9 induce the expression of AtFT to promote flowering in the 35S::LfCOLs co-1 lines.
Discussion
Characterizion of LfCOL genes in terms of phylogeny, evolution and gene function
LiliumÂformolongi is a facultative LD plant that flowers relatively quickly, providing a good model to study photoperiodregulated flowering in Lilium. In a previous study, eight LfCOL gene homologs from L.Âformolongi were identified from the RNA-seq libraries, and a phylogenetic tree of COL homologs among L.Âformolongi, Arabidopsis and rice was constructed (Li et al. 2017) . In this study, HvCOL family members of barley were added to the phylogenetic analysis and the potential function of LfCOL gene members has been further investigated in the context of the photoperiod flowering pathway. It has already been reported that genes belonging to the COL family play an important role in the induction of flowering by photoperiod. This family includes numerous members both in monocots and in dicots (Griffiths et al. 2003) . The Arabidopsis COL family contains 17 members, O. sativa COL has 16 members, H. vulgare COL has nine members, G. max COL comprises 26 members and C. lavandulifolium COL has 11 members (Griffiths et al. 2003 , Wu et al. 2014 , Fu et al. 2015 .
The COL homologs in various plant species can be divided into three types according to the number and structure of their B-box domains. Type I contains two B-box motifs, type II only one B-box motif and type III has one B-box motif and a second divergent B-box motif (Gangappa and Botto 2014) . Studies have shown that almost all functional COL homologs with an inducing effect on flowering belonged to type I (Gangappa and Botto 2014 , Zhang et al. 2015 , Chaurasia et al. 2016 , including, for example, Arabidopsis AtCOL5 which has CO activity. AtCOL5 exhibits a circadian rhythm in its expression pattern and complements the late flowering effect of the co mutant (Hassidim et al. 2009 ). Chrysanthemum lavandulifolium ClCOL5, which also belongs to type I, may act as an important flowering activator in photoperiod-mediated flowering (Fu et al. 2015) .
On the other hand, COL homologs of types II and III do not seem to promote photoperiod-mediated flowering. For example, no report was found about the function of type II COL6 in triggering flowering in any species, while AtCOL9 of type III was shown to repress CO expression and delay the flowering transition in photoperiod-mediated flowering pathways in Arabidopsis (Cheng and Wang 2005) .
In our study, the phylogenic distribution of the COL proteins among species coincided in general with their structure in terms of B-box motif types. Most LfCOLs only contained one B-box motif and were phylogenetically closely related to the O. sativa COLs. This result differs from the situation in Arabidopsis where most AtCOLs comprise two B-box motifs or one normal B-box motif and a second divergent B-box motif. The function of LfCOL members may also differ from that of the Arabidopsis COLs. We showed that LfCOL5, whose product contains two Bbox motifs, exhibited the highest expression level at the flowering induction stage under LDs. Furthermore, LfCOL6 with one B-box motif, and LfCOL9 with a normal B-box motif and a second divergent B-box motif were also up-regulated at the same critical stage under LDs. In addition, LfCOL5, LfCOL6 and LfCOL9 all showed diurnal expression patterns for 3 d under both LDs and SDs. These genes also complemented the late flowering phenotype of the co mutant in Arabidopsis. Thus, LfCOL5, LfCOL6 and LfCOL9, belonging to type I, II and III, respectively, may all act as flowering activators under LDs in L.Âformolongi. The putative function of LfCOL6 and LfCOL9, in particular, appears to be different from that of the functional COL homologs of Arabidopsis and other species.
In summary, L.Âformolongi COL family members seem to have specific characteristics in terms of phylogeny, evolution and function.
Different LfCOL members may possess various functions under different photoperiod conditions
The functions of COL homologs are diverse among plant species. In Arabidopsis, CO is a cardinal gene in the photoperiodic control of flowering. COL1 and COL2 share almost 67% amino acid identity with the protein encoded by CO (Ledger et al. 2001) . The latest report suggested that COL1 and COL2 driven by the SUC2 promoter can partially rescue the co mutant phenotype (Simon et al. 2015) . COL3 is a positive regulator of red light signaling and root growth (Datta et al. 2006 ). COL7 is not involved in flowering induction, but rather regulates branching and shade avoidance responses in Arabidopsis (Wang et al. 2013) . COL8 functions as a flowering repressor and its overexpression in transgenic plants delays flowering under LDs (Takase et al. 2011) . In Solanum tuberosum (potato), StCO not only acts as a flowering regulator, but also affects the daylength regulation of tuberization (González-Schain et al. 2012) . The Musa acuminate (banana) MaCOL1 gene may be involved in fruit ripening and stress responses (Chen et al. 2012) .
In this study, LfCOL5, LfCOL6 and LfCOL9 have been identified as potential flowering activators in the LD photoperiodic pathway, but the function of other LfCOL genes may be varied and complex. The variation in the expression patterns of the eight LfCOL genes in lily in relation to developmental stages, circadian clock and photoperiod conditions may imply diverse functions for different LfCOL members. However, further analyses, including for example other plant organs, are required to investigate this hypothesis.
Stage-dependent expression patterns varied according to photoperiod in most studied genes. LfCOL7, LfCOL13 and LfCOL5 reached the highest expression at the juvenile and flowering induction stages under LDs. On the other hand, these genes were up-regulated at later development stages under SDs. LfCOL13 showed the highest expression level at the juvenile stages under LDs, but exhibited high expression at both the intermediate (S7, just after bolting) and later stages (S14, 43-44 internodes) under SDs. Only LfCOL7 exhibited the highest expression level at the juvenile stages under both LD and SD conditions. Furthermore, the expression level of LfCOL5, LfCOL6 and LfCOL16 was much higher under SDs than under LDs. We speculate that these three genes may be induced by factors under SDs different from those under LDs. In sum, photoperiod conditions critically affected transcript accumulation of LfCOL members during L.Âformolongi plant development. Photoperiod also affected the diurnal expression patterns of the LfCOL genes. Previous studies have demonstrated that the CO expression pattern is regulated by the circadian clock and that photoperiod conditions are critical for flowering induction (Suárez-López et al. 2001 ). In the LD plant Arabidopsis, CO exhibits a circadian expression pattern under both LDs and SDs, but the diurnal expression pattern is different according to photoperiod conditions (Turck et al. 2008) . Under LDs, CO transcription reaches a peak at dusk and at night. The dusk peak is critical for the stabilization and accumulation of the CO protein, which in turn promotes FT expression and, subsequently, flowering induction (Turck et al. 2008) . Under SDs, however, CO transcription only reaches a peak at night. Since the CO protein is degraded during the night, flowering induction is not achieved by this route under SD conditions (Turck et al. 2008 ). In the SD plant rice, Hd1 has a similar circadian expression pattern to its homolog CO. Since Hd1 acts as a flowering repressor, SD conditions trigger flowering (Izawa et al. 2002) .
In this study, LfCOL5, LfCOL6 and LfCOL9 showed circadianregulated expression under LDs and SDs, but the diurnal rhythm expression pattern was different according to photoperiod. Under LDs, the diurnal expression patterns of LfCOL5, LfCOL6 and LfCOL9 were similar to those of CO in Arabidopsis. Namely, the transcription of LfCOL5, LfCOL6 and LfCOL9 peaked at dusk and at night. However, under SDs, LfCOL5 expression peaked during the light phase, LfCOL6 peaked at dusk and at night, and LfCOL9 peaked at night. Thus, LfCOL9 showed the same diurnal expression pattern as CO under both LDs and SDs. These results suggest variation in the functions of LfCOL genes within the photoperiodic flowering pathway of L.Âformolongi. It is important to note that LfCOL5, LfCOL6 and LfCOL9 could complement the late flowering phenotype of the Arabidopsis mutant co, supporting the assumption of their involvement in the photoperiodic regulation of flowering.
LfCOL7, LfCOL13, LfCOL14 and LfCOL15 did not exhibit diurnal expression patterns under LDs, but showed roughly diurnal expression under SDs. Thus, these genes appear to have complex functions, affecting not only flowering but also plant growth and development. More studies of their functions are required to assess this assumption.
LfFT1 also showed a diurnal expression pattern under SDs, which was different from its pattern under LDs and from the diurnal expression pattern of LfCOL genes under SDs. It was reported that AtFT only has a diurnal expression pattern under LDs and that under SDs, AtFT mRNA accumulation is low and arrhythmic (Kobayashi et al. 1999 , Valverde et al. 2004 ). The authors predicted that the diurnal expression pattern of LfFT1 under SDs might be regulated by factors involved in other flowering pathways. In the SD plant Pharbitis nil, the CO homolog PnCO does not trigger the expression of PnFT, which may be regulated by different transcription factors (Hayama et al. 2007 ).
In our previous study, only four developmental stages were subjected to RNA-seq analysis under LDs. To obtain more accurate expression patterns of LfCOL members, up to 10 developmental stages were investigated under both LDs and SDs in this study. Under LDs, the four developmental stages L1 (2-3 rosette leaves), L5 (1-2 internodes), L6 (6-7 internodes) and L7 (8-9 internodes) were each substituted by VJ (2-3 rosette leaves), FI-1 (1-2 internodes), FI-2 (5-6 internodes) and FD (9-10 internodes) mentioned in our previous paper. Gene expression patterns of LfCOL genes at the four developmental stages under LDs were consistent with the results of the RNA-seq analysis performed in our previous study (Li et al. 2017 ). However, due to the newly added stages, the highest levels of several LfCOL genes were observed at different developmental stages between the two studies, especially LfCOL9 and LfCOL14.
In our previous study (Li et al. 2017 ), LfCOL9 had a higher expression level at the VJ stage (2-3 rosette leaves, L1). However, in this study, the highest expression level of LfCOL9 was recorded at the newly added L4 stage (9-10 rosette leaves). According to our previous results, the L4 to L5 stage (9-10 rosette leaves to 1-2 internodes) was the flowering induction stage of L.Âformolongi (Li et al. 2017 ). In the previous study, we only selected the L5 stage (1-2 internodes, FI-1) to investigate the expression levels of LfCOL genes, but in the present study both L4 and L5 were included. Although LfCOL9 showed a low expression level at stage L5, the present results suggested that LfCOL9 showed the highest expression at the L4 stage (flowering induction stage). Also, the expression pattern of LfCOL9 in this study was more accurate than that in the previous study. This indicated that LfCOL9 was an important activator for upregulation in the flowering induction stage.
Our previous results showed that LfCOL14 had a higher expression level at the FI-1 stage (1-2 internodes, L5). However, its highest expression level was recorded at the newly added L2 stage (3-4 rosette leaves) in this study. The stages of 2-3 rosette leaves and 3-4 rosette leaves are both juvenile stages of L.Âformolongi. In the previous study, we only selected the VJ stage (L1, 2-3 rosette leaves) to investigate the expression levels of LfCOL genes. However, in this study, both the L1 stage (2-3 rosette leaves) and the L2 stage (3-4 rosette leaves) were included. Thus, the results in this study indicate that LfCOL14 reached its highest expression level during the juvenile stage (L2) rather than at flowering induction (L5). Because more developmental stages (a total of 10) were investigated in the present study, the flowering induction stage and juvenile stage, in particular, were more refined compared with the previous study; the expression patterns of LfCOL9 and LfCOL14 are more accurate and representative than previously determined.
In conclusion, eight LfCOL family members were identified for the first time in Lilium. Through phylogenetic analysis, gene expression pattern investigations and functional analyses, LfCOL5, LfCOL6 and LfCOL9 were classified as important activators in the photoperiodic flowering pathway of L.Âformolongi. Although LfCOL6 and LfCOL9 belong to different types compared with functional COL homologs in other plant species, they appear as important regulators of the photoperiodic flowering induction in L.Âformolongi. This study provides an advancement in the elucidation of the molecular mechanism of the photoperiodic flowering pathway in Lilium. Furthermore, identification of functional genes involved in flowering induction is beneficial for molecular breeding of lilies with a reduced vegetative stage.
Materials and Methods
Phylogenetic and bioinformatic analyses
Protein sequences of COL homologs with conserved B-box and CCT domains from A. thaliana, O. sativa, H. vulgare and L.Âformolongi were aligned using the ClustalW2.1 program (http://www.genome.jp/tools/clustalw/). A phylogenetic tree was constructed by MEGA6 using the Neighbor-Joining method. We used the Poisson substitution model and bootstrap analysis employing 1,000 replicates. The conserved domains of COL proteins were aligned by the Weblogo program using default parameters (http://weblogo.berkeley.edu/logo.cgi) (Crooks et al. 2004) . The 3-D structure models of the conserved B-box domains of COL proteins from L.Âformolongi were predicted by Phyre2 web (http:// www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) (Kelley et al. 2015) .
Growth conditions of lily plants and sample collection
Seeds of L.Âformolongi cv. Raizan 2 were sown in seedling-raising trays after stratification storage at 4 C for 1 month. The seedlings were grown in incubators under LD (light/dark: 16/8 h) and SD (light/dark: 8/16 h) conditions and at 25/18 C day/night thermoperiod. The seedlings initially developed rosette leaves for several months, then bolted and entered the internode growth stage. Seedlings with 2-3 rosette leaves were transplanted into 8 cm pots, and seedlings with 5-6 rosette leaves were transplanted into 15 cm pots for the rest of the experiment. The numbers of rosette leaves and internodes were monitored every week. Bolting time together with flowering time and percentage were recorded. The number of replicates was 15 (seedlings).
For studying the changes in LfCOL gene expression at the various developmental stages under different photoperiods, leaves were sampled from three biological replicates every week after seed germination. The time of sampling under both LDs and SDs was at 4 h after dark (Zeitgeber time 20 h under LDs and 12 h under SDs in Fig. 6 ). The numbers of rosette leaves and/or internodes were recorded as morphological markers for each sampling point.
To study the diurnal expression pattern of LfCOL genes under different photoperiod conditions, the fresh leaves of seedlings at flowering induction phase I (1-2 internodes) (Li et al. 2017) were selected and sampled every 4 h for 3 d. All the samples were collected from three biological replicates at each time point and immediately frozen in liquid nitrogen and stored at À80 C until further use.
cDNA preparation and qRT-PCR analysis
Total RNA was extracted using the kits from Aidlab Biotechnology Co., Ltd., according to the manufacturer's instructions. RNA quality was evaluated by1% agarose gel electrophoresis and verified using an ND-1000 Spectrophotometer (NanoDrop). The standards applied were 1.8 OD 260/280 2.2 and OD 260/ 230 !1.8. cDNA was synthesized using a Prime Script Double Strand cDNA synthesis kit (TAKARA) according to the manufacturer's instructions.
qRT-PCR was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad) with a SYBR Premix EX Taq II Kit (TAKARA) according to the manufacturer's protocol. All the samples were run in triplicate in 96-well optical reaction plates and programmed for 3 min at 95 C, then 40 cycles for 10 s at 95 C, 30 s annealing temperature and 15 s at 72 C. The resulting data were analyzed by CFX Manager Software (Bio-Rad). LiliumÂformolongi Aquaporin TIP4-1 was selected as the reference gene to standardize the results because it had shown the most stable expression in different developmental stages in lily according to our previous experiment . Relative expression was determined by CT values and calculated by the 2 -ÁÁCT algorithm based on the expression of the reference gene and control. In the study of LfCOL gene expression in the various developmental stages under different photoperiods, the expression of LfCOL5 in the L1 stage under LDs was regarded as the control and set to 1.0. For the study of the diurnal expression pattern of LfCOL genes under different photoperiods, the expression of each gene at Zeitgeber time 0 h was regarded as the control and set to 1.0. All primers used are listed in Supplementary Table S2 . Primer efficiency was checked before performing qRT-PCR.
Arabidopsis transformation and functional analyses
DNA fragments containing the full-length coding sequence of LfCOL5, LfCOL6 and LfCOL9 were amplified from the cDNA of L.Âformolongi using gene-specific primers (Supplementary Table S3 ) and then cloned into the pLB vector (Tiangen) following the manufacturer's instructions. The resulting entry vector was then inserted into pCAMBIA1301 (GenBank accession No. AF234297) using the In-Fusion HD Cloning Kit (Clontech Laboratories) (Wei et al. 2016) . The recombinant vectors were finally introduced into Agrobacterium tumefaciens strain GV3101 and transformed into Arabidopsis co-1 mutants (Stock number: CS870084, http://www.arabidopsis.org/) by the floral dip method (Clough and Bent 1998) . T 1 seeds were selected on 50 mg l -1 hygromycin and gene insertion was confirmed by qRT-PCR using the primers listed in Supplementary Table S4 .
Arabidopsis plants (Col-0 WT, the co-1 mutant and the co-1 mutant overexpressing LfCOL genes) were grown in an incubator under LD conditions (light/dark: 16/8 h) at 25/18 C day/night thermoperiod. The number of days from sowing to bolting and the number of rosette leaves at bolting were monitored from 10 lines (Hanano and Goto 2011) . Expression levels of LfCOL genes and AtFT in the rosette leaves from three lines were measured by qRT-PCR at 4 h after dark (Zeitgeber time 20 h) at 50 d after sowing. The Arabidopsis TUBULIN BETA CHAIN 2 (TUB2) was selected as the reference gene to standardize the results (Fu et al. 2015) . All the primers are listed in Supplementary  Table S4 . qRT-PCR conditions were as described above.
Accession numbers and statistical analysis
Sequence data from this study can be found in the National Center for Biotechnology Information (NCBI) database under the following accession numbers: LfCOL5 (MG519782), LfCOL6 (MG519783), LfCOL9 (KJ744206) and LfFT1 (KJ744207). Accession numbers of the CONSTANS sequences used in the phylogenetic analysis refer to Griffiths et al. (2003) and the plant transcription factor database (http://planttfdb.cbi.pku.edu.cn/family.php? sp=Osj&fam=CO-like).
All the statistics analyses were implemented using SPSS software.
Supplementary Data
Supplementary data are available at PCP online.
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